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1.  ACCOMPLISHMENTS 

\CHARGE  COLLECTION  MEASUREMENTS 

Experiments  were  carried  out  to  measure  charge  col¬ 
lection  resulting  from  exposure  of  Rockwell  Fat-FET 
test  structures  to  alphas,  heavy  ions  and  protons.  The 
alpha  and  heavy  ion  data  were  used  to  determine  the 
dimensions  of  the  sensitive  volume  following  techniques 
outlined  in  Appendix  A. 

Charge  collection  measurements  in  Si  PIN  photodi¬ 
odes  were  carried  out.  This  represents  the  first  test  of 
the  ability  of  the  CUPID  codes  to  handle  partially  de¬ 
pleted  n-p  junctions.  Measurements  were  made  with 
two  devices.  The  UV-100  PIN  photodiode  from  EG+G 
had  a  sensitive  volume  which  was  only  partially  de¬ 
pleted  even  at  high  voltages,  the  YAG  444  is  fully  de¬ 
pleted  over  its  thickness  (400  um)  when  fully  biased  but 
the  depletion  width  is  substantially  reduced  for  low  bi- 
ases‘  L '  ,  n^-eCcL=.  t  t ' f  c  o»vj  ✓ 

MODELING  CHARGE  COLLECTION 

The  CUPID  codes  were  modified  to  include  circuits 
implemented  in  GaAs.  This  required  significant  changes 
to  the  nuclear  reaction  codes  and  the  transport  portions 
of  the  codes.  In  order  to  test  the  new  revision  of  the 
codes,  we  carried  out  the  experimental  charge  collection 
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measurements  described  in  the  previous  section.  The 
lateral  dimensions  of  the  sensitive  volume  were  taken 
to  be  the  lateral  dimensions  of  the  junction  as  seen  un¬ 
der  a  microscope.  The  thickness  of  the  sensitive  volume 
was  estimated  from  the  energy  deposition  spectra  ob¬ 
tained  with  Americium-241  of  the  type  shown  in  Fig. 
2a  and  2b  of  Appendix  A. 

COMPARISON  OF  HEAVY  ION  AND  PROTON  DATA 

If  our  models  of  SEU  phenomena  are  correct,  one 
ought  to  be  able  to  use  the  heavy-ion  data  from  ac¬ 
celerator  runs  to  predict  the  SEU  data  from  proton- 
induced  nuclear  reactions.  Successful  predictions  would 
confirm  the  basic  model,  the  values  used  for  the  criti¬ 
cal  charge,  and  the  dimensions  used  for  the  sensitive 
volume.  Appendices  B  and  C  describe  two  attempts  in 
this  direction  which  show  considerable  success.  Future 
efforts  will  be  aimed  at  using  proton  data  to  predict 
the  heavy-ion  response  because  proton  irradiations  are 
cheaper  and  easier  to  carry  out. 
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2. 


PUBLICATIONS,  THESIS  AND  PAPER  PRESENTED 


A.  The  following  papers  based  on  work  carried  out 
under  this  contract  were  published. 

1)  ”  Methods  for  Calculating  SEU  Rates  for  Bipo¬ 
lar  and  NMOS  Circuits”  ,P.J.  McNulty,  W.G. 
Abdel-Kader,  and  J.M.  Bisgrove  IEEE  Trans. 
Nucl.  Sci.  NS-32,  4180-4184  (1985).  (See 
Appendix  B) 


2)  "Comparison  of  Soft  Errors  Induced  by  Heavy 
Ions  and  Protons”,  P.J.  McNulty,  J.M.  Bis¬ 
grove,  J.E.  Lynch,  W.G.Abdel-Kader,  and 
W.A.  Kolasinski  IEEE  Trans.  Nucl.  Sci.  NS- 
33  1571-1576  (1986).  (See  Appendix  C). 

B.  The  following  papers  based  on  work  carried  out 
in  part  under  this  contract  was  submitted  for 
presentation  at  the  GaAs  IC  Symposium. 

1)  "Charge  Collection  in  Partially  Depleted  GaAs 
Test  Structures  Induced  by  Alphas,  Heavy 
Ions  and  Protons.  Shadia  El-Teleaty,  P.J. 
McNulty  and  W.G.Abdel-Kader. 
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C.  The  following  tutorial  was  prepared  for  presen¬ 
tation  at  the  annual  Single  Event  Upset  Phe¬ 
nomena  Workshop  under  this  contract. 

1)  ”  FUNDAMENTALS  of  SINGLE  EVENT  PHE¬ 
NOMENA”  by  P.J.  MeNulty. 

D.  The  following  theses  supported  in  part  by  this 
contract  were  submitted. 

1)  ”Soft  Errors  Induced  by  Energetic  Protons 
in  VLSI  dRAMs”  Submitted  by  JefFBisgrove 
for  MS  degree  1985. 

2)  ”  Charge  Collection  Within  Well  Defined  Mi¬ 
crostructures  Induced  by  the  Nuclear  Reac¬ 
tions  of  High  Energy  Protons”  Submitted  by 
Shadia  El-Teleaty  for  the  Ph.D.  degree  in 
1987. 
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APPENDIX  A 


CHARGE  COLLECTION  IN  PARTIALLY  DEPLETED 
GaAs  TEST  STRUCTURES* 


Shadia  El  —  Teleaty *  ,  P.J. McNulty,  and  W.G. Abdel  —  Kader 
Radiation  Physics  laboratory 
Clarkson  University 
Potsdam,  New  York  13676 


ABSTRACT 

Charge  collection  in  Rockwell  Fat  FET  GaAs  test  structures  for  events  induced  by  alphas, 
heavy  ions  and  proton-induced  nuclear  reactions  were  measured  for  variety  of  bias  values 
and  two  doping  levels.  Analysis  of  heavy  ion  data  provided  the  shape  and  dimensions  of 
the  sensitive  volume.  Comparison  of  proton  data  and  simulations  using  CUPID  codes, 
assuming  this  sensitive  volume,  yield  agreement. 

INTRODUCTION 

The  mechanism  by  which  single-event  upset  (SEU)  events  are  initiated  in  Si  and 
GaAs  circuits  is  the  collection  of  more  than  a  critical  charge  at  a  sensitive  structure  within 
some  time  interval.  This  time  is  determined  by  the  circuits  of  which  the  structure  is  a 
part.  Circuits  can  be  hardened  against  SEUs  by  increasing  the  critical  charge,  altering 
the  time  constants  of  the  circuit,  or  introducing  fault-tolerant  algorithms  into  the  system 
architecture.  However,  the  application  of  any  of  these  fixes  with  a  minimum  of  performance 
tradeoff  requires  precise  knowledge  of  the  SEU  rates  to  be  expected  before  and  after  the 
fix.  This,  in  turn,  requires  a  quantitive  understanding  of  the  charge  collection  at  the 
SEU-sensitive  junctions  of  the  circuits. 

The  CUPID  (Clarkson  University  Proton  Interactions  in  Devices)  codes  have  been 
shown  to  accurately  predict  the  charge  generation  in  fully  depleted  Si  surface-barrier  de¬ 
tectors  over  a  wide  range  of  incident  proton  energies  where  the  thickness  of  the  detectors 
was  varied  from  2.5  to  97  /im  (1-3).  However,  the  codes  have  never  been  proven  to  work 
for  GaAs  devices  nor  have  they  been  tested  against  measurements  with  partially  depleted 
structures  in  either  GaAs  or  silicon.  The  codes  have  been  shown  to  be  useful  in  predicting 
proton-induced  SEUs  from  first  principles  for  devices  for  which  sufficient  process  infor¬ 
mation  was  known  and  from  heavy-ion  data  for  a  variety  of  other  Si  device  types.  Some 
of  these  devices  included  SEU-sensitive  structures  which  were  partially  depleted.  This 
paper  presents  the  first  published  results  from  a  comparison  of  CUPID  calculations  with 
charge-collection  (CC)  measurements  in  GaAs  structures. 

The  objective  of  this  study  was  to  derive  a  simple  procedure  for  calculating  the  charge 
collection  in  partially  depleted  detectors  exposed  to  energetic  protons  using  the  GaAs  ver¬ 
sion  of  the  CUPID  codes  (4).  The  first  approach  tried  was  to  test  the  first-order  approach 
used  in  all  SEU  algorithms  for  calculating  rates  in  space(5-7),  i.e.  represent  the  sensitive 
junction  by  am  equivalent  sensitive  volume.  The  lateral  dimensions  of  the  sensitive  volume 
are  those  of  the  junction  while  the  thickness  is  chosen  to  be  such  that  the  charge  generated 
within  the  equivalent  sensitive  volume  in  the  simulation  calculations  equals  the  the  charge 
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that  would  have  been  collected  at  the  real  junction  (8,9). 

We  will  show  comparisons  between  measurements  and  simulation  calculation  for  GaAs 
test  structures,  the  fatFET  structures  on  Rockwell’s  GaAs  memories.  The  comparison  is 
done  for  different  energies,  biases,  and  doping  profiles. 

EXPERIMENTAL  PROCEDURE 

The  experimental  set  up  of  these  measurements  is  shown  in  Fig.  1.  All  the  proton 
exposures  were  done  at  Harvard  University’s  Cyclotron  using  25  to  158  MeV  protons. 
The  heavy-ion  exposures  were  done  at  University  of  Pittsburgh.  The  GaAs  FatFET  test 
structures  are  tested  for  two  different  types  (N-  and  N~  +  N+).  The  difference  between 
the  recent  and  the  previous  study  (3)  is  that  the  devices  in  that  case  were  fully  depleted 
Si  devices  and  the  only  contribution  to  the  CC  was  the  drift  component.  In  this  study,  the 
devices  are  partially  depleted  and  there  are  two  extra  components  contributing:  the  field 
assisted  drift  (funneling)  and  diffusion.  Also,  the  test  structures  are  made  from  GaAs  not 
silicon. 

GaAs  Test  Structure : 

The  gates  of  the  Rockwell  (IK  RAM)  GaAs  MESFET  test  structures  were  negatively 
biased  with  the  source  and  drain  grounded.  Test  structures  were  available  with  light  ( N~ ) 
and  heavy  (N+)  doping  under  the  gate  electrode.  The  effective  thickness  of  the  sensitive 
volume  was  quite  sensitive  to  the  bias  when  the  lighter  doping  is  used. 

To  use  the  CUPID  codes  to  predict  the  CC  in  partially  depleted  devices,  we  estimate 
the  thickness  of  the  sensitive  volume  from  exposure  to  Am241  alphas.  Figures  2a  and  2b 
show  examples  of  the  CC  spectra  for  GaAs  test  structures.  The  position  of  the  peak  is 
used  to  determine  the  effective  thickness  of  the  sensitive  volume  and  the  high  energy  tail  is 
used  to  estimate  the  dimensions  of  the  small  enhanced-collection  regions  (10)  at  the  edges 
of  the  145  fim  x  350  /xm  structure. 

RESULTS 

Comparisons  between  the  simulation  calculations  and  the  experimental  data  are  done 
for  the  two  test  structures.  Figures  3  through  5  show  the  comparison  of  N~  +  N+  for 
energies  25  to  158  MeV  protons.  Also,  similar  comparison  is  shown  in  Fig.  6  and  Fig.  7 
for  N~.  The  agreement  is  good  for  the  high  energies.  The  GaAs  version  of  the  CUPID 
codes  contains  a  programming  error  in  which  the  code  generates  the  wrong  number  of 
events  emerging  from  the  reactions  at  low  incident  energies  (less  than  70  MeV).  For  this 
reason,  the  comparisons  below  70  MeV  are  done  by  normalizing  the  model  calculations  to 
the  total  number  of  events  to  be  expected  in  the  SV  plus  surround,  and  the  known  total 
cross-section.  The  comparison  is  quite  good. 

An  interesting  feature  of  the  comparisons  is  that  the  model  predicts  that  the  pulse- 
height  spectra  falls  sharply  as  the  proton  energy  is  decreased  while  the  experimental  spectra 
shows  small  by  decreasees  in  the  slope  as  the  incident  energy  decreases. 

Figures  8  and  9  plots  the  charge  collected  at  the  junction  versus  the  incident  particle’s 
LET  showing  a  near  linear  relationship  when  the  bias  are  zero  and  -1.2  volts  respectively. 
A  linear  relationship  is  a  necessary  assumption  for  models  which  increase  the  thickness  of 
the  SV  to  account  for  the  charge  collection  by  funneling  and  diffusion.  The  assumption 
appears  to  be  reasonable  for  GaAs  over  the  range  of  LET  values  corresponding  to  the 
abundant  cosmic-rays.  In  the  final  manuscript,  more  proton  exposures  and  their  compar¬ 
ison  with  the  CUPID  code  will  be  presented. 


CONCLUSION 

In  conclusion,  the  CUPID  codes  combined  with  simple  assumptions  regarding  funnel- 
ing  and  diffusion  appear  to  be  quite  accurate  in  simulating  the  charge  collection  of  GaAs 
test  structure  for  high  proton  energies.  More  work  is  needed  for  low  proton  energies  but 
the  assumption  of  little  or  no  change  from  higher  energies  appears  to  be  reasonable.  The 
model  predicts  a  dramatic  decrease  in  the  pulse-height  spectra  for  low  proton  energies 
which  is  not  observed  experimentally.  The  simple  assumptions  regarding  funneling  and 
diffusion  contributions  to  the  collected  charge  that  were  used  here  appear  to  give  reliable 
results.  Until  now,  we  had  tested  this  method  by  using  three  different  devices,  one  of  them 
in  this  manuscript  and  the  rest  in  ref.  (8,9).  It  seems  that  the  devices  which  are  tested 
have  a  simple  structure.  For  complicated  structures  (i.e.  CMOS)  more  work  needs  to  be 
done  to  confirm  that  the  method  can  be  used  with  the  CUPID  codes  to  predict  the  CC  in 
all  the  test  structures  (Si  or  GaAs). 

REFERENCES 

1.  P.J.  McNulty,  G.E.  Farrell,  and  W.P.  Tucker,  IEEE  Trans.  Nuc.  Sci.  NS  —  28  4533 
(1981). 

2.  G.E.  Farrell,  and  P.J.  McNulty,  ibid  NS  -  29  2012  (1982). 

3.  S.  El-Teleaty,  G.E.  Farrell,  and  P.J.  McNulty,  ibid  NS  —  30  4394  (1983). 

4.  G.E.  Farrell,  P.J.  McNulty,  and  W.  Abdel  Kader,  IEEE  Trans.  Nucl.  Sci.,  NS-31, 
1073-1077  (1984). 

5.  J.  Pickel  and  J.  T.  Blandford,  Jr.,  IEEE  Trans.  Nucl.  Sci.,  1006-1015,  April  (1980). 

6.  James  H.  Adams,  Jr.,  IEEE  Trans.  Nucl.  Sci.,  Vol.  NS-30,  4475,  Dec.  (1983). 

7.  P.  Shapiro,  Naval  Research  Laboratory,  Memorandum  Report  5901  (1986). 

8.  J.  Bisgrove,  J.  Lynch,  P.J.  McNulty,  W.G.  Abdel-Kader,  V.  Kletnieks,  W.  A.  Kolasin- 
ski.  ibid  NS  -  33  (Dec.  1986). 

9.  W.G.  Abdel-Kader,  P.J.  McNulty,  S.  El-Teleaty,  J.  Lynch  and  A.N.  Khondker,  IEEE 
Trans.  Nucl.  Sci.,  NS-34,  Dec.  (1987). 

10.  P.J.  McNulty,  W.G.  Abdel-Kader,  A.B.  Campbell,  A.R.  Knudson,  P.  Shapiro,  F 
Eisen,  and  S.  Roosild,  ibid  NS  -  31  1128  (1984). 

Work  supported  by  the  Air  Force  Geophysics  Laboratory  and  the  DNA/DARPA  Sin¬ 
gle  Event  Radiation  Effects  Program. 

f  St.  Lawrence  University,  Dept,  of  Physics,  Canton,  NY  13617. 


court/chon  nri 


,*  ^ 


nftnn.'v uwviruwv « 


JV  I'lOlUM  N-*N*  Itl  l.-*  V.4I 


LET  OMV/trtcrort 

LET  (M#V/mteforU 

Fig,  8 

Fig .  9 

5 

4180 


IEEE  Transaction!  on  Nuclear  Science,  Vol.  NS-32,  No.  6.  December  1983 


APPENDIX  b 


METHODS  FOE  CALCULATING  3EU  HATES  FOE  SIPOLAE  AND  NMOS  CIECC1T3 

P.  J.  McNulty.  W.  G.  Abdel-Eader.  and  J.  M.  Bisgrova 
Phytica  Department 
Clarkaon  Unlveraity 
Potsdam.  New  Tork  13876 


ABSTEACT 

Computer  codea  developed  at  Clarkaon  for 
simulating  charge  generation  by  pro ton- induced 
nnclear  reactions  ir  well-defined  silicon 
aicrostructures  can  be  used  to  calculate  SEU  rates 
for  specific  devices  when  the  critical  charge  and  the 
dimensions  of  all  SEU  sensitive  junctions  on  the  de¬ 
vice  are  known,  provided  one  can  estimate  the  con¬ 
tribution  from  externally-generated  charge  which  en¬ 
ters  the  sensitive  junction  by  drift  and  diffusion. 
Calculations  for  two  important  bipolar  devices,  the 
AMD  2901B  bit  slice  and  the  Fairchild  93L422  RAM.  for 
which  the  dimensions  of  the  sensitive  volumes  were 
estimated  from  available  heavy-ion  teat  data,  have 
been  found  to  be  in  agreement  with  experimental  data. 
Circuit  data  for  the  Intel  2164a.  an  alpha  sensitive 
dHAM.  was  provided  by  the  manufacturer.  Calculations 
based  on  crude  assumptions  regarding  which  nuclear 
recoils  and  which  alphas  trigger  upsets  in  the  2164a 
were  found  to  agree  with  experimental  data. 


parallelepipeds  surrounding  or  close  to  the  interac¬ 
tion.  They  are  Monte-Carlo  programs  which  choose  the 
energy  and  trajectory  of  the  incident  proton  accord¬ 
ing  to  the  environment  or  accelerator  exposure  being 
simulated,  randomise  the  locations  of  any  nuclear  re¬ 
actions  according  to  the  inelastic  cross  section,  and 
follow  the  standard  cascade  and  evaporation  models  in 
choosing  the  identity,  energy,  and  direction  of 
secondary  particles  emerging  from  the  cascade  and 
evaporation  stages  of  the  interaction.  For  details 
of  the  nuclear  physics  behind  the  codes  see  Refs.  7-9 
and  especially  Ref.  10.  The  computer  follows  each 
secondary  particle  to  determine  whether  it  intersects 
the  sensitive  volume  defined  by  a  parallelepiped  as 
shown  in  Fig.  1.  It  then  calculates  the  energy  de¬ 
posited  in  the  sensitive  volume  by  all  the  intersect¬ 
ing  charged  particles.  The  energy  deposited  can  be 
converted  to  charge  generated  by  dividing  by  22 
MeV/pC. 


INTRODUCTION 


Single-event  upsets  (SEUe)  experienced  by 
circuits  traversing  the  inner  radiation  belts  are 
primarily  the  result  of  nuclear  reactions  induced  by 
protons  trapped  in  the  belts  (1.2).  In  order  to  per¬ 
form  reliable  calculations  of  SEU  rates  for  specific 
devices,  one  oust  have  a  detailed  knowledge  of  the 
natural  proton  environment,  the  ability  to  predict 
the  pattern  of  charge  generated  by  nuclear  reactions 
aa  a  function  of  incident  proton  energy,  and.  for 
each  of  the  SEU  sensitive  junctiona  on  the  device, 
the  dimensions  of  the  junction  and  the  critical 
charge  that  must  be  collected  across  Chat  junction  to 
trigger  an  upset.  This  paper  describes  bow  codes  de¬ 
veloped  in  our  laboratory  to  predict  charge  genera¬ 
tion  in  microstructurea  have  been  combined  vith 
simple  assumptions  regarding  circuit  response  to 
calculate  SEU  rates  in  two  different  device  types. 
The  Intel  2164a  vas  selected  for  calculations  because 
both  Che  required  circuit  information  and  consistent 
proton  SEU  cross  section  data  is  available  (3).  The 
l  2901B  bit  slice  was  chosen  because,  in  addition  to 
proton  data  (4),  heavy-ion  SEU  cross  section 
measurements  on  the  memory  registers  are  available 
(3)  which  could  be  used  to  estimate  critical  charges 
and  cross  sectional  areas  for  the  sensitive  junctions 
on  the  device,  end  the  presence  of  a  buried  layer  de¬ 
fines  the  thickness  of  the  associated  sensitive 
volume.  The  heavy-ion  data  available  for  the  93L422 
(6)  ia  less  complete  but  good  proton  data  exists 
(6).  Upsets  in  Che  2901B  and  the  93L422  bipolar  de¬ 
vices  have  proven  to  be  an  important  problem  for  many 
satellite  systems. 

CLARXSOH  SIMULATION  CODES 

Codes  have  been  developed  at  Clarkson  by  Farrell 
and  McNulty  (7,8)  which  simulate  the  nuclear  reaction 
and  calculate  the  energy  deposition  within 

•Supported  i^  part  by  AFGL  and  the  DNA-DARPA  SEU  pro¬ 
gram. 
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Fig.  1  Schematic  of  nuclear  reaction  relative  to 
sensitive  volume. 

The  codea  have  been  tested  extensively  in 
silicon  by  comparison  vith  pulse-height  spectra  of 
the  charge  collected  in  nuclear  solid-state  detectors 
with  detector  thicknesses  ranging  from  2um  to  97  um 
exposed  in  air  to  protons  having  incident  energies 
ranging  from  27  to  138  MaV.  The  codes  sre  found  to 
give  good  fits  to  tbe  experimental  data  (7.  11).  A 
typical  comparison  of  simulated  and  measured  in¬ 
tegrated  pulse-height  spectra  is  shown  for  125  MeV 
protons  incident  on  a  2.5  micron  thick  detector  in 
Fig.  2. 
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Fig.  2  Companion  of  tboretical  calculation*  of  the 
nuaber  of  event*  in  which  aore  than  a 
certain  energy  i«  deposited  verau*  that 
value  of  the  energy  depotited. 

Deer  input*  include  the  nuaber  of  proton*  in¬ 
cident  on  the  exposed  are*,  their  energy  apectra.  and 
their  angular  distribution.  Konoenergetic  un¬ 
idirectional  bean*  arriving  at  noraal  incidence  to 
the  chip  were  uaed  in  all  the  comparisons  with 
accelerator  data  described  below.  The  user  auat  alao 
specify  the  dimensions  of  the  larger  parallelepiped 
in  which  nuclear  reaction*  may  be  initiated  and  the 
location  and  diaenaion*  of  the  aaaller  parallelepiped 
representing  the  sensitive  voluae  within  which  the 
energy  deposition  i*  to  be  calculated. 

Figure  3  coaparea  the  aioulated  energy  deposi¬ 
tion  for  the  sane  saall  sensitive  voluae  eabedded  in 
different  thicknesses  of  surround.  Significant  con¬ 
tributions  to  the  integrated  energy-deposition 
spectra  appear  to  only  cone  froa  interactions  thst 
occur  within  10  ya  of  the  sensitive  voluae  except  at 
very  small  energy  deposition*.  Low  energy  de¬ 
positions  are  doninated  by  traversals  of  the 
sensitive  voluae  by  alphas  and  other  light 
aecondaries  as  evidenced  by  a  sharp  increase  in 
events.  This  is  consistent  with  our  earlier  con¬ 
clusion  that  the  recoiling  nuclear  fragment  is  the 
priaary  aeana  of  generating  sufficient  charge  to 
generate  an  SKU  in  circuits  that-  are  insensitive  to 
alphas  (12).  For  circuits  not  sensitive  to  alpha 
strikes,  the  calculations  can  be  shortened  con¬ 
siderably  by  only  considering  nuclear  interactions 
that  occur  within  10  ya  or  so  of  the  sensitive  voluae 
(9). 

IIFOLAK  CHCUITS 
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The  AMD  29011  has  been  the  subject  of  thorough 
studies  of  its  810  response  to  both  protons  and  heavy 
ions  at  JFl.  Zoutendyk.  at  al.  (3)  have  shown  thst 
the  29011  exhibits  different  S1U  cross  sections  de¬ 
pending  upon  whether  the  circuit  tlenent  is  being 


addressed  during  the  exposure.  Since  only  data  for 
the  unaddressed  node  exist  for  both  heavy  ions  and 
protons,  we  limit  ourselves  to  this  mode  in  what 
follows. 
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Fig.  3  Comparison  of  the  simulated  spectra  of 
events  in  which  more  than  a  certain  energy 
is  deposited  in  a  1  vm  cube  of  silicon  em¬ 
bedded  in  different  thicknesses  of  silicon 
surround  but  exposed  to  the  same  fluence  of 
protons.  Huclear  reactions  can  occur 
anywhere  in  the  larger  voluae.  Curves  are 
drawn  for  external  cubical  volumes  of  1  ya 
(solid). 2  ya  (dashed). 4  ya  (dot-dash) .and  8 
ya  (dot). 
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Fig.  4  SZO  cross  section  versus  kinetic  energy  of 
the  incident  broaine  ion.  Taken  from  Kef. 
3.  Dashed  lines  rspresent  our  attempt  to  fit 
their  data  by  four  sensitive  volumes. 
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Fig.  5 


Schematic  taken  from  Ref.  5  ahoving  the 
thicknenea  of  the  layers  of  a  29018  circuit 
eleaent. 


2901B  (4).  The  croaa-aectional  arena  that  were  ob¬ 
tained  from  Fig.  4  and  uaed  for  theae  calculationa 
are  given  in  column  2  of  Table  1.  Column  1  repreeente 
the  range  of  energy  depoaitiona  in  the  3  un  aenaitive 
layer  between  tbreahold  for  that  aenaitive  volume  and 
threahold  for  the  neat  larger  one.  Since  the 
aenaitive  volumee  are  nested.  the  proton  croaa  see* 
tion  for  upaeta  at  a  given  proton  energy  ia  taken  to 
be  the  turn  of  the  croaa  cectiona  for  depoaiting  an 
energy  between  the  threahold  for  that  volume  and  the 
threahold  for  the  neat  larger.  Theae  valuea  are 
liated  in  Table  1. 


Table  1  (29011) 
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The  SEU  croaa  aectiona  meaaured  by  Zoutendyk.  et 

al.  (3)  are  plotted  aa  circlea  ia  Fig.  4  veraue  the  Compariaoo  between  theae  calculated  valuea  and 


energy  of  the  incident  bromine  ion.  Figure  3  ia  a 
achematic  of  che  2901b  ahoving  the  thickneaaea  of  the 
varioua  layera  of  a  circuit  element.  According  to 
Kef.  3.  the  collected  charge  ia  the  charge  generated 
in  the  ail icon  layer  between  the  level  of  the 
baae-emitcer  junction  and  che  top  of  the  buried  lay¬ 
er.  a  diatance  of  3um.  Using  the  recipe  and  Figa.  6 
and  7  from  Ref.  3,  the  charge  generated  in  thia  layer 
can  be  calculated  for  any  bromine  energy. 


The  daahed  linea  in  Fig.  4  attempt  to  repretent 
their  meaaured  croaa  aectiona  by  the  lateral 
dimenaiona  of  four  aenaitive  volumea  -  each  having 
different  critical  chargee.  The  croaa  aeccional  areaa 
of  the  four  volumea  can  be  obtained  from  the  ordinate 
of  Fig.  4  and  che  critical  chargee  can  determined 
from  the  abaciaaa.  The  thickneaa  of  all  four  are 
3ua.  The  critical  chargee  determined  for  the  four 
equivalent  atructurea  are  given  in  Fig.  4  with  arrowa 
pointing  to  their  correaponding  threabolda.  The  pre¬ 
tence  of  che  buried  layer  preaumably  terminatea  any 
charge  chat  might  otherwiae  enter  the  aenaitive 
volume  by  drift  or  diffuaion  from  deeper  in  Che  eub- 
atrate.  The  fact  that  the  four  aenaitive  volumea  are 
netted  mutt  be  taken  into  account  in  the  proton 
calculationa. 

Calculationa 

The  Clarkaon  codea  were  uaed  to  aimulate  the 
pulte-height  tpectra  for  expoaure  of  the  four 
aenaitive  volumea  to  protona  incident  at  the  three 
energiea  for  which  JFl  proton  data  exiat  for  the 


the  experimental  proton  meaauremenca  on  che  29018 
taken  from  Ref.  4  ia  ebovn  in  Fig.  6,  Circlea  re- 
preaent  • inula ted  croaa  aectiona  from  thia  paper  and 
the  daahed  curve  connecta  the  experimentally  meaaured 
valuea  at  the  same  incident  energiea.  The  fit  ia  ex¬ 
cellent  at  the  lower  proton  energiea  and  reasonably 
good  even  at  the  highest  energy. 


PROTON  ENEMY  (MeV) 


Fig.  6  Comparison  of  calculated  SEU  cross  aectiona 
(circlea)  with  measurements  at  the  same  in¬ 
cident  proton  energies  for  the  29018.  Dashed 
curve  connecta  experimental  points  from  Ref. 
4. 
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a  second  bipolar  device  for  which  JPL  heavy-ion 
and  proton  data  axist  ia  tbe  FSC  93L422  RAM. 
Reference  6  reporta  a  single  neaaured  threahold  LET 
of  1.9  He?  an2  /■*  and  a  flat  SED  croaa  aection  of 
2000  un2  for  iona  having  higher  LETa.  The  aenaitive 
volumes  are  arbitrarily  aaauaed  to  have  a  thickneaa 
of  15  un.  A  noraa lly- incident  particle  with  thia 
threahold  LET  would  depoait  6.2  MeF  in  a  15  pa  layer 
of  ailicon.  The  Clarkson  proton  codea  ware  ueed  to 
calculate  tbe  croaa  aection  for  depoaiting  sore  than 
6.2  MeV  in  a  aenaitive  voluae  with  lateral  dimensions 
given  by  the  SCO  heavy* ion  croaa  aection  and  a  thick¬ 
neaa  of  IS  pa.  Our  calculationa  were  not  particular* 
ly  aenaitive  to  the  thickneaa  choaen  for  the 
aenaitive  voluae.  Figure  7  shows  a  coaperieon  of  our 
aiaulated  croaa  aectiona  (circlea)  calculated  at  a 
uunber  of  incident  proton  energica  with  the  curve  re¬ 
ported  in  Ref.  6  to  beat  fit  the  JPL  aeaaured 
valuee.  Again  the  agreement  ia  excellent. 


PROTON  ENERGY  (MeV) 


Fig.  7  Coapariaon  of  calculated  SEU  croaa  aectiona 
(circlea)  with  with  the  beat-fit  curve  froa 
Ref.  6  for  their  93L422  proton  data. 

SMOS  DRAM 

He  aaauaed  that  3 ED a  in  the  Intel  2164A  dRAM  re- 
ault  froa  collecting  a  aufficient  number  of  eleetrona 
to  exceed  the  critical  charge  required  for  an  error. 
169  fC  or  3.3  MeF.  The  lateral  diaenaiona  of  the 
aenaitive  voluae  were  taken  to  be  thoae  of  the  aenory 
cell  8.5  ua  x  16.5  pa  and  the  thickneaa  taken  to  be 
that  of  the  depletion  region  under  the  node.  0.18 
pa. 

The  collection  of  cherge  generated  eutaide  thia 
aenaitive  voluae  through  drift  and  diffuaion  aaat  be 
conaidered,  Aa  a  firat  attempt,  we  aaauaed  that  all 
recoiling  reaiduel  nuclear  fragaenta  that  traverae 
the  aenaitive  voluae  trigger  aa  upaet  if  the  recoil 
had  a  total  kiaetie  energy  equal  to  or  greater  than 
3.3  Net.  i.e.«  we  aaauaed  all  the  chargee  generated 


in  the  ahort  recoila  were  collected  through 
f ield-aaaiated  drift.  The  ouaber  of  auch  intersect¬ 
ing  recoila  resulting  froa  aiaulated  exposures  to 
given  fluencea  of  protons  are  listed  in  row  5  of 
Table  2  for  five  different  proton  energies.  The  cor¬ 
responding  SED  cross  sections  for  a  64f  naaory  with 
alternating  locations  filled  with  ones  and  xeros  are 
given  in  row  6. 


The  2I64A  can  be  upset  by  alphas  but  tbe  large 
critical  charge  suggest  that  only  alphas  that 
traverse  the  sensitive  voluae  near  the  end  of  their 
range  will  trigger  an  upset.  The  high  ionisation 
levels  needed  to  aaintain  field  assisted  drift  slong 
the  trajectory  are  bo  re  likely  to  occur  near  the  end 
of  the  track.  The  nuabers  of  alphas  in  these 
siaulations  to  eaerge  froa  nuclear  reactions  and 
strike  tbe  sensitive  voluae  during  the  last  5  pa  of 
its  range  are  given  in  row  7  of  Table  2  with  the  cor¬ 
responding  SED  cross  sections  per  device  given  in  row 
8.  Tbe  total  proton  cross  section,  i.e..  the  eua  of 
the  cross  sections  for  recoil-induced  and 
alpha-induced  errors  ia  given  in  the  bottoa  row  of 
Table  2. 


Table  2  (Intel  2 164 A ) 


Experiaental  aeasureaents  to  be  described 
elsewhere  (3)  have  been  carried  out  at  tbe  saae  in¬ 
cident  proton  energies  as  used  in  the  siaulations. 
The  advantage  of  these  aeasureaents  over  the  earlier 
aeasureaente  on  dXAKS  (12.13)  ia  that  tbe  2164a,  a 
pert  designed  for  ailitary  applications,  exhibits  far 
leaa  variation  in  9X0  croaa  aection  aaoug  devices 
then  was  true  for  those  earlier  coaaercial  parts. 
The  asasured  values  presented  below  are  averages  of 
the  cross  sections  asasured  for  five  parts  where  each 
aeasoraaent  included  over  100  errors.  Figaro  8  com¬ 
pares  theory  and  experiment.  The  dashed  lines  connect 
points  that  represent  the  average  measured  cross  sec¬ 
tion  and  the  circles  represent  the  simulated  cross 
sections.  The  sgreaaent  is  quite  good  except  at  21 
MeF.  It  is  interesting  co  note  that  reducing  the 
critical  charge  by  about  a  factor  of  2  would  bring 
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Comparison  of  SBU  cross  sections  obtained 
froa  simulations  with  measured  values  ob¬ 
tained  at  the  aaae  incident  proton  energiea. 
The  daahed  curve  eonaecta  point a  represent¬ 
ing  the  average  croaa  aectiona  for  five  de~ 
vicea  froa  lef.  3. 

CORCLUSIOMS 


The  Clarkeoa  codea  developed  for  • leu  la ting 
charge  generation  pulse-height  spectra  can  be  uaed  to 
calculate  SKU  croaa  aectiona  for  aone  devices  vith 
relatively  staple  asauaptions.  Further  studies  are 
needed  to  determine  the  extant  to  which  the  technique 
can  be  generalised.  In  particular.  the  dRAM 
calculations  described  above  involve  crude 
asauaptions  that  nay  not  work  for  circuits  vith 
aaaller  feature  sire  and  saaller  critical  charges. 
However,  it  is  hoped  that  combining  our  codes  with 
soae  of  the  sophisticated  circuit  aodels  being  de¬ 
veloped  by  others  will  lead  to  coaparable  success  for 
those  devices  which  are  not  susceptible  to  the  hind 
of  simple  asauaptions  atteapted  here. 


The  agreement  found  for  the  bipolar  devices  de¬ 
monstrates  that,  for  alpha  insensitive  devices,  pro¬ 
ton-induced  upsets  are  primarily  the  result  of  the 
recoiling  nuclear  fragment  and  that  heavy- ion  data 
aay  be  useful  in  predicting  proton  response  snd 
vice-versa.  However,  the  short  range  of  the  nuclear 
recoil  in  proton  interactions  must  be  taken  into 
account  in  asking  such  correlations. 
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ABSTRACT 

Careful  aeaanreaenta  of  the  SEU  cross  section  versus 
the  LET  of  the  incident  heavy  ion  were  carried  ont  on 
a  single  Intel  64C  dRAM  for  srhich  proton  SEU  data  had 
been  recently  obtained  in  order  to  test  whether  a 
single  set  of  aodeling  a s snap t ions  could  provide  fits 
to  both  data  sets.  The  Intel  2164A  64k  dRAM  exhibited 
consistent  oross-seetlon  aeasnreaents  saong  devices 
tested,  a  high  total-dose  tolersnca,  and  a  proton  SEU 
cross  seotion  that  was  unaffected  by  accnanlated 
dose.  Baking  the  device  vary  snited  for  extended 
radiation  studies.  The  heavy-ion  cross  section  versos 
LET  data  was  used  as  inpnt  to  the  CUPID  code  pre¬ 
dictions  of  the  proton-npset  cross  section  versos  in¬ 
cident  proton  energy.  Observed  agreement  is  con¬ 
sistent  with  the  hypothesis  that  proton- induced  up¬ 
sets,  even  in  alpha  sensitive  devices,  are  the  result 
of  recoiling  nuclear  fragments  from  inelastic  nuclear 
interactions  and  the  tame  basic  mechanism  is  reponti- 
ble  for  both  heavy  ion  and  proton- induced  upsets. 


INTRODUCTION 

Petersen  et  el  (1)  recently  pointed  out  that  no 
obvious  correlation  could  be  demonstrated  between  the 
relative  sensitivity  of  devices  to  proton- induced 
tingle  event  upsets  (SEUs)  and  heavy- ion-induced 
SEUs.  On  the  other  hand,  our  computer  simulations  of 
proton- induced  energy-deposition  events  suggest  that 
the  charges  generated  in  sensitive  microvolumet  hav¬ 
ing  dimensions  tirpical  of  silicon  and  GaAt  devices 
would  be  dominated  by  the  contribution  of  the  nuclear 
recoil  (2-3).  Ve  recently  showed  how  heavy-ion  data 
could  be  used  to  predict  proton- induced  upsets  in  two 
bipolar  integrated  circuits  (6).  In  this  paper  we  de¬ 
monstrate  that  it  is  possible  to  accurately  generate 
the  proton  cross  sections  for  the  Intel  2164A  from 
analysis  of  the  SEU  oross  section  dependence  on 

2 

linear  energy  transfer  (LET  [MeV-cm  /mg])  as  ob¬ 
tained  from  heavy-ion  exposures  of  the  device. 

The  nuclear  recoil  is  a  heavy  ion,  therefore 
there  should  be  e  correlation  between  a  device's 
sensitivity  to  nuclear  reactions  and  the  threshold 
LET  measured  for  it  with  heavy  ions.  This  does  not 
mean  that  a  collection  of  devices  would  necessarily 
rank  order  in  sensitivity  to  protons  in  the  same  ord¬ 
er  et  to  heavy  ions.  The  relative  SEU  sensitivity  of 

*  Work  supported  by  the  Air  Force  Geophysics 
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a  device  to  protons  of  a  given  energy  will  depend 
on  the  dimensions  of  the  sensitive  volume.  For 
very  thin  sensitive  volumes,  the  event  rate  induced 
by  protons  should  equal  the  rate  at  which  nuclear 
recoils  with  more  than  a  threshold  LET  traverse  the 
sensitive  volumes.  For  thicker  volumes,  i.e.,  where 
the  smallest  dimension  becomes  comparable  to  the 
typical  range  of  a  recoil,  many  recoils  mey  have 
sufficient  LET  but  not  enough  energy  to  trigger  an 
SEU  event  or,  even  if  they  generate  more  than  a 
critical  charge  within  the  sensitive  volume,  not 
enough  of  it  reaches  the  depletion  region  to  trigg¬ 
er  an  event. 

The  border  between  these  two  cases  will  depend 
on  the  threshold  LET,  the  incident  proton  energy, 
the  device  geometry,  and  whether  it  is  GsAs  or 
silicon.  Contributions  from  field-assisted  drift 
end  diffusion  of  charge  generated  outside  the  de¬ 
pletion  region  represent  further  complications 
which  are  partially  taken  into  account  in  the 
simplest  simulations  by  increasing  the  thickness  of 
the  sensitive  volume  a  suitable  distance  beyond  the 
that  of  the  depletion  region. 

Providing  a  test  of  whether  a  single  set  of 
modeling  assumptions  can  provide  adequate  fit  to 
both  proton  and  heavy- ion  SEU  cross  sections  re¬ 
quires  that  ell  dsta  being  compered  be  obtained  us¬ 
ing  a  single  microchip  with  identical  support 
circuitry.  As  far  as  possible,  the  modeling 
assumptions  should  be  known  beforehand,  i.e.,  the 
device  should  be  one  for  which  the  upset  meebsnisms 
are  well  understood  with  the  relevant  feature  sizes 
and  critics!  charges  previously  established.  When 
the  thickness  of  the  sensitive  volume  used  in  pro¬ 
ton  simulation  is  not  known,  the  ratio  of  the 
critical  charge  to  the  threshold  LET  measured  with 
heavy  ions  should  be  used.  The  device  should  be 
capable  of  surviving  the  irradiations  necessary  to 
provide  good  statistics  on  soft  errors.  The  Intel 
2164A  satisfied  the  above  criteria  and  had  the 
further  advantages  of  exhibiting  only  small 
variations  in  SEU  cross  sections  smong  devices 
tested  end  of  not  exhibiting  significant  changes  in 
SEU  cross  section  with  increasing  dose. 

Proton  exposures  were  done  at  Harvard 
University’s  Cyclotron  osing  21  to  133  MeV  protons 
to  characterixe  the  device’s  proton  cross  section 
behavior  and  total  dose  response.  Heevy-ion 
irradiations  were  done  et  the  88  inch  Cyclotron  et 
the  University  of  California  et  Berkeley.  The  SEU 
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•vent  cross  sections  were  tbeo  combined  witli  the 
CUPID  (Clarkson  University  Proton  Interactions  in 
Devices)  (2-6)  simulations  of  proton  esposures  for 
the  Intel  2164A  sensitive  voluaie  to  predict  the 
proton  response  of  the  device.  The  results  were 
then  compared  with  the  experimentally  observed  pro¬ 
ton  cross  sectioos  and  found  to  agree. 


EXPERIMENTAL  PROCEDURE 
Eioe r incnt al  Apparatus 

Test  equipment  for  this  experiment  consisted 
of  a  Zenith  Z-100  microcomputer  with  one  641  d V.A1 ' 
memory  chip  displaced  from  the  mother  hoard  by  a 
three  foot  tether  cable.  The  chip  under  test  was 
inserted  in  the  socket  at  the  end  of  this  tether 
and  placed  in  the  radiation  beam.  Initially  loaded 
with  a  test  pattern  of  either  ones  and  icros 
(proton)  or  all  zeros  (heavy  ion  ).  the  test  chip 
was  irradiated  while  a  machine  level  program  ex¬ 
amined  each  memory  location  and  recorded  the  time 
and  location  of  any  errors  discovered.  Examination 
of  the  information  storage  method  on  the  Intel  dKAK 
indicated  data  was  stored  in  a  checkerboard  pattern 
as  alternating  blocks  two  rows  wide  and  one  column 
long  of  true  and  complementary  cells.  This  meant 
loading  either  all  xeroa  or  alternating  ones  and 
zeroa  had  no  effect  on  either  the  number  of 
sensitive  cells  or  the  pattern  of  their  distribu¬ 
tion.  This  record  of  the  rnn  vat  then  stored  on 
disk  at  the  end  of  the  run  for  later  examination. 

To  enable  operation  of  the  equipment,  the 
video  monitor  and  keyboard  were  extended  on  cables 
outside  the  beam  cave.  This  enabled  reel  tine  ob¬ 
servation  of  errors  and  computer  access  without 
continuously  entering  the  beam  cave. 

Imiiuian.  fi&mjfclai 

Proton  irradiations  at  incident  energies  from 
21  to  13S  Mev  were  carried  out  at  the  Cyclotron  at 
Harvard  University  while  heavy-ion  exposures  were 
carried  out  at  the  88  inch  Cyclotron  at  the 
University  of  California  at  Berkeley.  Table  1  shows 
the  species  and  energies  of  the  particles  used  at 
Berkeley. 


Table  1  Species,  energies,  LET  and  range  in 
silicon  used  at  the  88  inch  Berkeley 
cyclotron 


SPECIES 

ENERGY 

LET 

Range 

IWnVJ 

(KeV-em*  /mgl 

(microns] 

Krypton 

210 

42.37 

28.43 

Argon 

110 

16.99 

28.0 

Neon 

58 

6.81 

30.2 

Carbon 

380 

0.53 

1810.0 

Oxygen 

424 

1.07 

969.0 

Belium 

11.8 

0.35 

88.75 

The  principal  SEU-tensitive  structure  in  the 
2164A  is  the  storage  cell,  an  inversion  layer  formed 
under  the  source  electrode  of  an  FET  as  shown  in  Pig 
1.  The  area  of  the  storage  cell  in  the  2164A  it  140 
square  microns  end  estimates  of  the  width  of  the  de¬ 
pletion  region  and  the  critical  charge  needed  for  an 
upset  are  0.18  microns  and  149  fC,  respectively  (7). 
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Pig.  1  Storage  cell  diagram  of  the  Intel  2164A 


To  obtain  a  good  cross  section  versus  LET  re¬ 
sponse,  it  was  necessary  to  screen  each  heavy-ion  run 
for  shadowing,  row  hits  and  multiple  errors.  Shadow¬ 
ing  occurs  at  large  angles  of  incidence  in  ex¬ 
periments  where  the  ceramic  edge  of  the  chip  package 
walls  can  shield  a  portion  of  meaiory  from  heavy-ion 
irradiation.  Row  hits  are  a  series  of  errors  that 
occur  along  a  certain  row  of  the  device.  They  are 
believed  to  result  from  a  single  hit  in  a  tense 
amplifier,  dummy  cell  or  bit  line.  Multiple  errors 
occur  in  adjacent  oella  during  the  tame  checking  per¬ 
iod.  They  appear  to  be  caused  by  the  charge  generated 
by  the  passage  of  one  high  LET  particle  being  col¬ 
lected  in  more  than  one  memory  location.  A  program 
was  written  to  map  errors  according  to  their  physical 
locations  on  the  chip  and  tested  by  optical 
microscope  beams.  Figure  2  shows  the  errors  on  such 
a  map  resulting  from  a  narrow  light  beam  incident  on 
a  chip  Initially  loaded  with  alternate  ones  and 
zeros.  The  spot  could  be  enlarged  or  focuaed  until 
only  one  storage  cell  was  triggered.  Moving  the 
microscope  stage  allowed  us  to  probe  all  locations  on 
the  chip. 


Fig.  2  Errors  due  to  photoionization  by  light  beam 
on  Intel  2164A.  Checkerboard  appearance  is 
due  to  the  chip  architecture  storing  in¬ 
formation  in  true  and  complementary  format. 
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Individual  errors  induced  by  proton  end 
heavy-ion  irradiation  prodnee  snail  dota  on  sneb  a 
rov-coluan  addreaa  nap  aa  shown  in  Pig.  3.  The 
effeeta  of  ahadowing  are  evidenced  in  Fig.  3  by  an 
absence  of  errors  fron  a  large  area  on  the  right. 
Figure  3  ahowa  that  only  73%  of  the  aeaory  cells  vere 
exposed  to  the  beaa  at  60  degrees  incidence. 

Close  inspection  of  Fig.  3  shows  frequent 
doublets  which  subsequent  analysis  showed  to  cor¬ 
respond  to  double-error  events.  Using  inforaetion 
gathered  froa  aueh  aapping.  the  ooaputor  identifies 
sianltaneons  upsets  which  fora  a  single  event.  A 
aultiple  error  event  is  counted  as  one  event  in 
calculating  evant  croaa  auctions. 


Fig.  3  Errors  due  to  irradiation  by  heavy  iona  at 

60  degreea  incidence.  The  effeeta  of  ahadow- 
ing  and  aultiple  error  hita  can  be  seen. 


RESULTS 


ftFtM  ImditUou.i 

Figure  4  ooaparea  the  SEU  crosa  section  versus 
incident  proton  energy  for  seven  Intel  2164A  chips. 
The  croaa  aeotion  ahowa  little  variation,  even  though 
the  data  ia  froa  two  runt  performed  in  two  different 
aontha.  In  Fig.  4  and  following  figures  the  data 
pointa  represent  aeasureaents  with  about  10%  standard 
deviation.  The  variation  appears  soaewhat  larger  at 
21  MeV.  but  aaall  fluctuationa  in  the  critical  charge 
for  different  cells  on  the  device  and  the  energy 
apread  ia  the  proton  beaa  introduced  by  the  thick  de- 
gradera  uaed  to  obtain  low  energy  beeas  could  account 
for  thla  aaall  variation.  The  croaa  aections  in  Figa. 

4  through  7  are  expreased  in  cm*  /device. 

Several  devicea  were  teated  for  total-dose  de¬ 
pendence  of  the  SEU  cross  section  with  135  and  40  MeV 
protona.  The  croaa  aeotion  ia  plotted  veraue  dote  re¬ 
ceived  for  133  and  40  MeV  incident  protona  in  Figa.  5 
and  6  reapeetively.  In  both  oaaea  the  rnn  waa  ter- 
ainated  by  chip  doae  failure.  Soaewhat  larger 
fluctuationa  were  observed  for  the  chip  exposed  to  40 
MeV  protons,  juat  before  failure.  Still,  no  systemat¬ 
ic  increase  or  decrease  ia  SEU  oroas  section  was  ob¬ 
served  at  either  energy.  Little  change  in  the  crosa 
section  was  observed  at  155  MeV  at  the  dose  received 
increased. 
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Pig.  4  SEU  cross  section  versus  proton  energy  for 
several  Intel  2164A. 
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SEU  cross  section  versus  total  dose  for 
Intel  2164A  devices.  Run  vat  done  with  155 
MeV  protons. 
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Fig.  6  SEU  cross  section  versus  total  dote  for  an 

Intel  2164A  device.  Ron  was  done  with  40  MeV 
protons. 


In  addition  to  a  consistent  croas-tect ion  re¬ 
sponse.  the  Intel  2164A  dRAM  eshibited  e  high 
total-doaa  tolerance  eoapared  to  other  64k  dRAMs. 
Measurements  of  a  total  doaa  to  failnre  of  13.4 
Krada(Si)  with  protons  were  in  agreeaent  with  earlier 
(aaaa  ray  (8)  studies.  Siailar  experiaents  using  pro¬ 
tons  ware  perforaed  using  several  TI  4164  coaaercial 
dRAM a  as  a  coapariaon,  and  it  was  found  that  these 
devices  survived  about  3.5  krads(Si).  Table  2 
suaaarizes  the  results  of  the  proton  total  dose 
aeasnreaents  on  the  Intel  and  TI  devices. 


Table  2  Total  dote  to  failure  for  Intel  2164A 
and  TI  devices  using  40  and  155  MeV 
protons  and  gaaaa  rays. 


DEVICE  No. 

TOTAL  DOSE 
(Irad(Si) ] 

IRRADIATION 

TI  #1 

4.1 

155  MeV  proton 

TI  02 

3.5 

1  1 

TI  #3 

3.5 

»  t 

Intel  #1 

13.3 

*  1 

Intel  02 

13.8 

1  1 

Intel  0i 

12.8 

•  1 

Intel  04 

14.6 

t  1 

Intel  05 

12.9 

1  * 

Intel  012 

13.2 

40  MeV  proton 

Intel 

13.2+/-1.2 

gaaaa  (ref.  8 

(10  devices) 

The  proton  induced  SEU  aeasureaents  suaaarizied 
in  Fig.  4  were  carried  out  on  devices  coaplete  with 
lids.  Device  07,  chosen  for  heavy- ion  as  well  as  pro¬ 
ton  irradiations,  had  its  lid  reaoved  before  both  the 
proton  and  heavy  ion  aeasureaents.  Figure  7  coapares 
the  lid-off  proton  data  obtained  with  this  chip  with 
a  curve  representing  the  average  proton  SEU  cross 
sections  for  the  seven  lidded  chips  plotted  in  Fig. 

4.  The  difference  between  the  two  results  is  only 
seen  at  the  lowest  two  energies,  21  and  41  MeV.  The 
differences  there  are  consistent  with  the  feet  that 
the  incident  protons  arrive  at  the  sensitive 
structures  of  chip  07  with  8.5  and  5  MeV  higher  en¬ 
ergies  because  of  the  energy  lost  in  traversing  the 
lids  of  the  other  devices. 

Heavy-Ion  Irradiations 

Chip  07  was  thoroughly  characterized  using  heavy 
ions  at  the  Berkeley  fecility.  with  two  other  devices 
exaained  for  coaperison.  The  initial  pattern  in  nemo- 
ry  was  all  zeros.  In  Fig.  8  the  cross  section  ob¬ 
tained  from  the  ratio  of  the  total  errors  detected  to 
the  fluence  of  incident  particles  is  plotted  versus 
the  LET  of  the  incident  particles  with  appropriate 
geoaetrie  corrections  for  engle  of  incidence.  The 
dete  plateaus  significantly  above  the  geoaetrie  cross 
section  and  exhibits  large  variations  in  cross  sec¬ 
tion  at  different  LET  values. 

The  runs  were  then  exaained  for  shedowing  and 
aultiple-error  occurrences.  Multiple-error  events 
took  the  fora  of  doublet,  triples,  end  what  we  called 
"row  fails",  i.e.  long  strings  of  upsets  in  the 
taae  row.  Shadowing  and  row  fails  are  easy  to 
identify  ou  topological  bit  aapt  produced  by  knowing 
the  address-deeoraabl ing  logic  of  the  device.  Howev¬ 
er,  aofe  information  it  needed  to  identify  doubles 
and  triples.  To  be  identified  aa  a  aultiple-error 
event,  the  errors  aust  occur  sufficiently  neer  one 
another  and  aust  occur  la  the  taae  checking  cycle, 
therefore  location  and  tiae  need  to  be  recorded.  Tbit 
aethod  works  best  when  the  flux  of  incident  particles 


Fig.  7  SEU  cross  section  versus  proton  energy  for 
the  average  Intel  and  lid-off  device.  The 
difference  at  low  energy  is  attributable  to 
energy  lota  across  the  lid. 
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Fig.  8  Uncorrected  cross  section  versus  LET  re¬ 
sponse  of  the  Intel  device. 

it  kept  low,  thus  Uniting  possible  coincident  single 
bits  that  could  be  aistaken  for  a  aultiple  error 
event.  The  number  of  aultiple  errors  observed  on  our 
heavy-ion  runs  was  auch  higher  than  could  be  ex¬ 
plained  statistically  as  random  coincidences.  It 
would  also  be  useful  to  note  here  that  no  row  fails 
and  only  a  taall  nuaber  of  aultiple  error  events  were 
observed  with  the  proton  irradiations  of  the  Intel 
devices. 

Figure  9  shows  the  event  cross  sections  for 
single,  double,  and  triple  error  events  as  determined 
froa  the  ratio  of  the  nuaber  of  auch  events  to  the 
incident  fluence.  This  it  an  event  cross  section,  a 
double-error  event  produces  two  errors  while  a  triple 
error  event  produces  three  errors,  but  each  still 
counts  at  a  tingle  event  in  the  crosa  section.  Double 
events  are  obviously  a  aajor  factor  for  higb-LET 
particles.  The  cross  section  for  both  double  and 
triple  errors  rises  with  LET  with  the  cross  section 
for  double  errors  apparently  tracking  the  single 
error  cross  section.  The  triplet  have  a  different  de¬ 
pendence  on  LET  than  the  tingles  or  doubles. 
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Fig.  9  Cross  ssotion  vsrsas  LET  ehsrscteristics  for 
Iatsl  17  for  siagls.  double  sod  triple 
events. 

Analysis  of  tbe  aeaory  cells  experiencing  aultiple 
errors  by  piecing  tbe  errors  on  an  interleaving  cell 
pattern  that  aianlatea  tbe  actnal  interleaving 
pattern  of  tbe  aeaory  cell  indicates  that  the  aain 
aecbanisa  is  charge  sharing  froa  a  single  track  by 
nearest  neighbor  cells.  This  is  tbe  subject  of  anoth¬ 
er  study  to  be  published  elsevhere  (9). 

For  coaparison  of  the  total  SEU  event  cross 
sections  vith  theory  (10),  aultiple  errors  induced  by 
a  single  particle  should  be  identified  and  only  coun¬ 
ted  once.  Figure  10  shows  the  cross  section  for  SEU 
events  plotted  versus  the  incident  particle's  LET 
where  aultiple-error  events  are  counted  only  once. 

The  SEU  cross  section  is  seen  to  plateau  at  about  the 
geoaetrie  oross  section  as  detemined  by  the  erea  of 
the  storage  cell.  This  is  in  agreeaent  vith  the  hy¬ 
pothesis  that  upsets  are  induced  by  heavy-ion 
traversals  of  the  storage  cell  (10). 


The  CUPID  coaputer  codes  were  developed  to 
calculate  the  energy  deposited  in  a  slab  of  aaterial 
as  the  result  of  inelastic  nuclear  interactions  due 
to  protons.  The  sensitive  voluae  it  eabedded  in  a 
larger  surrounding  voluae  and  a  Monte-Carlo  slaula- 
tion  is  carried  out  for  protons  incident  upon  the 
larger  voluae  at  a  given  energy  and  angle.  The  en¬ 
ergies,  ranges  and  directions  of  secondaries  and 
nuclear  recoils  resulting  froa  proton- induced  in¬ 
teractions  anywhere  in  the  larger  voluae  are 
calculated  and  the  charged  particles  followed  to  see 
if  they  intersect  the  taaller  (sensitive)  voluae. 

The  energy  deposited  in  the  sensitive  voluae  by  eech 
particle  thet  crosses  it  is  then  calculated. 

Siaulatione  of  the  proton  exposures  for  the 
Intel  2164A  dKAM  used  a  sensitive  voluae  of  140 
square  aicrons  area  with  a  thickness  of  3.37  aicrons 
eabedded  in  a  larger  silicon  surround.  The  thickness 
was  calculated  froa  the  ratio  of  the  aessured 
threshold  LET  and  the  oritical  charge  of  the  device 
given  by  the  aanufaeturer  (7).  The  threshold  LET 
corresponding  to  30%  of  plateau  is  estiaated  froa 
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Fig.  10  Adjusted  event  cross  section  versos  LET  re¬ 
sponse  for  three  Intel  devices.  Here 
aultiple  events  and  shadowing  are  accounted 
for. 
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Fig.  11  Adjusted  event  cross  section  versus  LET  for 
device  #7  only.  Dashed  line  represents  tbe 
cross  section  versus  LET  values  used  in  the 
CUPID  codes  for  calculating  proton  cross 
ssotions. 

Fig.  10  to  he  4.3  NeV/ag/ca^  and  the  critical  charge 
was  available  froa  the  asnufaoturer  and  is  149  fC  or 
3.3  MeV.  The  experiaental  heavy-ion  cross-section 
data  was  then  used  in  tbe  codes  to  siaulate  the  de¬ 
vice's  response  to  nuclear  recoils;  this  was  done  by 
breaking  a  saooth  curve  through  the  data  points  in 
Fig.  10  into  10  steps  to  predict  the  device's  re¬ 
sponse  to  nucleer  recoils  of  various  LET  values.  The 
dashed  line  in  Fig.  11  shows  how  the  approxiastion  to 
the  experiaental  data  was  done. 

Comparisons  of  this  calculation  with  px- 
perlaental  data  obtained  with  protons  on  Intel  chip 
#7,  exposed  without  a  lid,  are  shown  in  Fig.  12.  They 
appear  to  be  in  excellent  agreeaent  at  all  proton  en¬ 
ergies. 
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Fig.  9  Cross  ssetion  vtrsus  LET  ebarscteristics  for 
Intsl  #7  for  single,  double  snd  triple 
events. 

Anslysis  of  the  aeaory  cells  experiencing  anltiple 
errors  by  piecing  the  errors  on  an  interleaving  call 
pattern  tbat  sianlates  the  actual  interleaving 
pattern  of  the  aeaory  oell  indicates  that  the  Bain 
aechaniaa  is  charge  sharing  froa  a  single  track  by 
nearest  neighbor  oells.  This  it  the  subject  of  anoth¬ 
er  atndy  to  be  published  elsewhere  (9). 

For  coaparison  of  the  total  SEO  event  cross 
sections  with  theory  (10).  aultiple  errors  induced  by 
a  single  particle  should  be  identified  and  only  coun¬ 
ted  once.  Figure  10  shows  the  cross  section  for  SEO 
events  plotted  versus  the  incideot  particle's  LET 
where  aultiple-error  events  are  counted  only  once. 

The  SEO  cross  section  Is  teen  to  plateau  at  about  the 
geoaetrio  oross  section  as  determined  by  the  area  of 
the  storage  oell.  This  it  in  agreeaent  with  the  hy¬ 
pothesis  that  upsets  are  induced  by  heavy-ion 
traversals  of  the  storage  cell  (10). 


The  COPID  computer  codes  were  developed  to 
calculate  the  energy  deposited  in  t  slab  of  aaterial 
as  tbe  result  of  inelastic  nuclear  interactions  due 
to  protons.  The  sensitive  voluae  is  embedded  in  a 
larger  surrounding  veluae  and  a  Monte-Carlo  siaula- 
tion  is  carried  out  f«*i  protons  incident  upon  the 
larger  voluae  at  a  giv*«  energy  and  angle.  The  en¬ 
ergies.  ranges  and  directions  of  secondaries  and 
nuclear  recoils  resulting  froa  proton- induced  in¬ 
teractions  anywhere  in  the  larger  voluae  are 
calculated  and  the  charged  particles  followed  to  tee 
if  they  intersect  the  taaller  (sensitive)  >luae. 

The  energy  depoaited  in  the  sensitive  vol  by  each 
particle  that  erossea  it  is  then  caloulsn  > 

Siaulations  of  the  proton  asposures  t  -r  the 
Intel  2164A  dRAJi  used  a  sensitive  voluae  of  140 
square  aicrons  area  with  a  thickness  of  3.37  aicrons 
eabadded  in  a  larger  silicon  surround.  The  thickness 
was  calculated  froa  the  ratio  of  tha  aeatured 
thraahold  LET  and  the  critical  charge  of  the  device 
given  by  the  aanufacturer  (7) .  Tha  thraahold  LET 
oorrcapondlag  to  30%  of  plateau  is  astiaated  froa 
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Fig.  10  Adjusted  event  cross  section  versus  LET  re¬ 
sponse  for  three  Intel  devices.  Here 
aultiple  events  and  shadowing  are  accounted 
for. 
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Adjusted  event  cross  section  versus  LET  for 
device  #7  only.  Dsshed  line  represents  tbe 
cross  section  versus  LET  values  used  in  the 
CUPID  codes  for  eslculsting  proton  cross 
sections. 


Fig.  10  to  be  4.3  MeV/ag/ca  and  tbe  critical  charge 
was  available  froa  tha  aanufacturer  and  is  149  fC  or 
3.3  MeV.  Tha  experimental  heavy-ion  cross-section 
data  was  then  used  in  the  codes  to  siaulate  the  de¬ 
vice's  response  to  nuolear  recoils;  this  was  dona  by 
breaking  a  saooth  curve  through  the  data  points  in 
Fig.  10  into  10  steps  to  predict  the  device's  re¬ 
sponse  to  nuclear  recoils  of  vsrious  LET  values.  The 
dashed  line  in  Fig.  11  shows  how  the  approxiaetion  to 
the  expariaental  data  was  done. 

Coaparisons  of  thla  calculation  with  ex- 
periaental  data  obtained  with  protons  on  Intel  chip 
#7,  exposed  without  a  lid.  are  shown  in  Fig.  12.  They 
sppesr  to  be  in  excellent  sgreeaent  at  all  proton  en¬ 
ergies. 
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Fig.  12  Comparison  of  proton  cross  section! 

calculated  using  the  experiaental  hesvy-ion 
spectrum  (curve)  with  the  ezperinentsl ly 
■ensured  proton  cross-sections  (circles)  ob¬ 
tained  from  Intel  #7. 


CONCLUSIONS 

The  results  for  a  single  Intel  2164A  dRAM  seens 
to  provide  evidence  that  both  the  proton  and 
heavy- ion  SEU  response  can  be  modeled  under  a  single 
set  of  assuaptions,  governed  by  a  single  underlying 
aeohanisa.  This  agreea  with  our  previous  results  for 
bipolar  devices.  We  have  not  yet  attempted  such  a 
ooaparison  for  CMOS  devices. 

Calculations  simulating  nuclear  reactions  and 
the  passage  of  secondary  particles  through  a 
sensitive  voluae  combined  with  eaperiaental  heavy-ion 
SEU  cross  section  versus  LET  data,  appear  to  give  ex¬ 
cellent  agreeaent  with  eaperiaental  proton  runs  on 
the  aaae  device.  A  key  feature  in  this  calculation  is 
starting  with  a  good  heavy-ion  cross-section  curve, 
which  in  turn  requires  close  exaainatioa  of  the 
errors  generated  in  order  to  check  and  correct  for 
shadowing  and  anltiple-error  events. 

This  work  seeas  to  indicate  that  a  single 
■eehanisa  is  responsible  for  both  proton  and  heavy 
ion  upsets  and  that  aodels  which  aake  relatively 
crude  assumptions  regarding  extending  the  depth  of 
the  sensitive  voluae  to  take  into  account  the  funnel- 
ing  and  diffusion  of  charge  into  the  depletion  region 
appear  to  be  adequate  at  least  for  this  siaple 
structure.  It  also  follows  that  the  ratio  of  the 
critical  charge  determined  froa  electrical 
aeasnreaents  to  the  threshold  LET  determined  by 
heavy-ion  aeasnreaents  gives  a  reasonable  estiaate  of 
the  thickdess  of  the  sensitive  voluae.  A  comparison 
of  this  value  of  the  thickness  with  calculated  values 
baaed  on  doping  levels  and  electrical  aeasnreaents  is 
in  preparation.  The  technique  used  here  predicted  the 
proton  npaet  cross  sections  versus  incident  proton 
energy  with  reasonable  accuracy  for  a  snail  saaple  of 
different  device  types  (6)  but  aore  testing  on  other 
types  is  necessary  to  confira  any  general  nsefnlness 
of  the  technique. 
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CALCULATION  OF  COSMIC  RAY 

ORSCT  RATf f 

1.  NEED  NUMBER  OR  OCCASIONS  Q>QC 

•  Qc  =  CRITICAL  CHARGE.  PROM  MODELS  OR 
EXPERIMENT 

2.  Q  DEPENDS  ON  ENERGY  LOSS  OF  PARTICLE 

•Q~a*xd! 

•  DEPENDS  ON  PATH  LENGTH  d i 


3.  RATE  DEPENDS  ON  SIZE  OF  DEVICE  / 

4.  COMBINE-TARGET  SIZE 

-LET  DISTRIBUTION 
-PATH  LENGTH  DISTRIBUTION 
-CRITICAL  CHARGE 
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